Purpose: To consider interactions of vocal tract change with growth and perceived output patterns across development, the influence of nonuniform vocal tract growth on the ability to reach acoustic-perceptual targets for English vowels was studied. Method: Thirty-seven American English speakers participated in a perceptual categorization experiment. For the experiment, an articulatory-to-acoustic model was used to synthesize 342 five-formant vowels, covering maximal vowel spaces for speakers at 5 growth stages (from 6 months old to adult). Results: Results indicate that the 3 vowels /i u ae/ can be correctly perceived by adult listeners when produced by speakers with a 6-month-old vocal tract. Articulatory-toacoustic relationships for these 3 vowels differ across growth stages. For a given perceived vowel category, the infant's tongue position is more fronted than the adult's. Furthermore, nonuniform vocal tract growth influences degree of interarticulator coupling for a given perceived vowel, leading to a reduced correlation between jaw height and tongue body position in infantlike compared with adult vocal tracts. Conclusion: Findings suggest that nonuniform vocal tract growth does not prevent the speaker from producing acoustic-auditory targets related to American English vowels. However, the relationships between articulatory configurations and perceptual targets change from birth to adulthood.
2000; Fitch & Giedd, 1999; Vorperian et al., 2005) have shown that the adult vocal apparatus is the result of a complex remodeling of the infant tract. At birth, overall vocal tract length, determined from the larynx to the lips, is approximately 8 cm, whereas the adult male vocal tract is 17 cm long (Goldstein, 1980) . According to Goldstein, the ratio of the pharynx length to the length of the oral cavity changes from 0.5 cm at birth to 1.1 cm in adulthood for a male. An infant's pharyngeal cavity at birth is thus much shorter than the oral cavity, whereas an adult male's pharyngeal cavity is longer than the front cavity. MRI data (Fitch & Giedd, 1999) confirm that vocal tract growth is not uniform. These major modifications greatly influence the way speakers produce vowels at different growth stages (Callan et al., 2000; Ménard, Schwartz, & Boë, 2004) . For instance, it has been suggested that the sparse occurrence of the vowel /u/ in infant vowel inventories is related to infants' short pharyngeal cavity (Buhr, 1980) . In addition to nonuniform anatomical growth, speech motor abilities constrain the quality of the produced vowels, as they emerge during the first year of life (Davis & MacNeilage, 1995; Kent, 1976; Vilain, Abry, Badin, & Brosda, 1999) . In the framework of the frame/content theory of speech production, MacNeilage and Davis (1990) proposed a production system-based account of vocalization patterns in early speechlike syllabic vocalization patterns. In their view, at the onset of canonical babbling (around 7-8 months), control of rhythmic mandible oscillation gives rise to alternating open-closed cycles, resulting in a percept of CV syllables. Poor control of lip and tongue articulators prevents infants from producing a wide variety of places and manners of articulation. Consonant-and vowel-like sounds produced are the result of the tongue and lips being passively raised and lowered in concert with rhythmic jaw movements. In this view, vowels that do not occur in the first sound inventory are those that cannot be produced because the infant does not yet have motor control abilities for tongue movements independent of the jaw in vocalizations.
Adultlike motor control to produce a variety of speech sounds is reached in late childhood or adolescence (Kent, 1976; Smith & Zelaznik, 2004; Walsh & Smith, 2002) . In a study of lip-jaw coarticulatory patterns, Green, Moore, Higashikawa, and Steeve (2000) demonstrated that as children mature, the coordination of lip and jaw movement improves, resulting in decreased trial-to-trial variability. This pattern was confirmed by Smith and Zelaznik (2004) , who studied lip and jaw movements in 180 children and adults ages 4-22 years. Cheng, Murdoch, Goozee, and Scott (2007) investigated tongue-jaw interactions with electromagnetic articulography in 48 participants 6-38 years old during production of the consonants /t/ and /k/. Tongue-tip and jaw movements became increasingly synchronized over time. Tongue-body and jaw movements did not show a similar pattern but became less variable with age. These results are interpreted as reflecting increased motor control maturity with age. Learning to integrate new controls into existing ones, such as integrating tongue movements into already controlled jaw oscillatory movements, enables precision for the diversification of speech-related movement.
A Previous Study Combining Perceptual Tests and Articulatory Modeling
The effects of nonuniform cavity growth and motor control development on vowel production have been described in an earlier study of French by using combined perceptual and modeling experiments (Ménard et al., 2004) . Five-formant vowels generated by an articulatoryto-acoustic model in vocal tracts representative of five growth stages (newborn, 4-year-old, 10-year-old, 16-yearold, and adult) were presented to French listeners in an identification task. Stimuli were generated on the assumption that all synthesized speakers exhibited adultlike motor control abilities, allowing investigation of the effects of changes in vocal tract length alone. Even though the ratio of pharyngeal length to front cavity length differed across growth stages, acoustic targets for the three cardinal French vowels /i u a/ could be perceived when synthesized in the infant vocal tract. However, for French, more stimuli were perceived as front and open vowels in the infant than in the adult male vocal tract. Thus, vowels that French speakers perceive to be front and open, corresponding to some of the most frequently produced vowels reported for infant sound inventories in canonical babbling (Davis & MacNeilage, 1995) , were favored by the infant vocal tract. Further analyses lead us to propose that different sensorimotor maps are associated with French vowels from birth to adulthood. An analysis of those maps suggested that different ranges of articulatory parameters were used, depending on the vocal tract morphology. Thus, a given perceived French vowel might be produced using different positions of the jaw, tongue, and lips in the first months of life compared with the adult stage. Those conclusions, however, were specific to French. It is by no means obvious that the same results would hold for another language (e.g., English). It is possible, for instance, that the fact that the French system has six front vowels (the unrounded /i e e/ and their rounded counterparts /y L l /) and only three back vowels (/u o /) might trigger a greater tendency to perceive front vowels.
Objectives
The first objective of the present study was to determine the effects of nonuniform vocal tract growth on a speaker's ability to produce American English vowels.
The results of identification by English listeners of synthesized vowels produced by vocal tract morphology ranging from birth to adulthood were analyzed. The second objective was to compare the underlying articulatory configurations related to perceptual targets in infantlike and adultlike vocal tracts and propose sensorimotor maps for English vowels at both growth stages that represent endpoints of the vocal tract growth process.
Method
This perceptual experiment was designed following a method previously used by Ménard et al. (2004) . Synthesized five-formant vowels representing five growth stages from birth to adulthood were generated using an articulatory-to-acoustic model. Realistic F0 values were also taken into account. Those vowels were used as stimuli in an identification task performed by 37 American English listeners.
The Articulatory Model
The variable linear articulatory ( VLAM) growth model, developed by Maeda and colleagues (Boë & Maeda, 1997) , integrates knowledge acquired from previous models with currently available growth data. VLAM was implemented and tested in an environment (GROWTH) originally developed for an articulatory model of the adult vocal tract (Maeda, 1979 (Maeda, , 1990 . As described in detail in Ménard et al. (2004) , the latter model is based on a statistical analysis of 519 cineradiographic images of a French speaker uttering 10 sentences (Bothorel, Simon, Wioland, & Zerling, 1986) . For each image, a semipolar grid (with an intersegment distance of 0.5 cm in the oral and pharyngeal regions and 11°in the polar region) was superimposed on the midsagittal contour. The intersection of each segment of the grid with the interior and exterior walls of the vocal tract was then determined. A principal component analysis revealed that 88% of the variance could be explained by seven articulatory parameters, directly interpretable in terms of functionally organized articulatory blocks: (a) protrusion and labial aperture; (b) movement of the tongue body, dorsum, and tip; (c) jaw height; and (d) larynx height (Boë, Gabioud, & Perrier, 1995) . Each of these parameters is adjustable at a value in the range of ±3.5 SD of the mean values for this articulator in the cineradiographic images.
The growth process is simulated by modifying the longitudinal dimension of the vocal tract according to two scaling factors. A schematic representation of the scaling method is provided in Figure 1 . One factor relates to the anterior part of the vocal tract (k_oral in Figure 1 ) and the other to the pharynx (k_pharynx in Figure 1 ), interpolating the zone in between. On the semipolar grid, the 5-mm intersegment space and the sagittal distance (corresponding to the value used for the adult male) are scaled by one of the two factors or by an interpolation of these factors. The factor used for the oral region differs from the factor used in the pharyngeal region to appropriately reflect the nonuniform growth of the two cavities. The exact values of those factors were calibrated, month by month and year by year, using the data provided by Goldstein (1980) . From the midsagittal contour obtained, the crosssectional area function is computed following Heinz and Stevens's (1965) formula. The transfer function is calculated according to Badin and Fant's (1984) model. The poles of the transfer function are excited through a fiveformant cascade synthesis system (Feng, 1983) , by a pulse train generated by a source according to the LiljencrantsFant model (Fant, Liljencrants, & Lin 1985) . The parameters related to the source (glottal symmetry quotient and open quotient) were equal to 0.8 and 0.7, respectively, and remained unchanged for all growth stages. The resulting signal is sampled at 22050 Hz and is 500 ms long. Fundamental frequency values are chosen based on the growth data presented by Beck (1996) . The model is, therefore, suitable for use in systematic simulation studies.
Stimuli
The stimuli are similar to those used in the earlier study of French listeners (Ménard et al., 2004) . First, maximal vowel spaces (hereafter MVSs, after Boë, Perrier, Guérin, & Schwartz, 1989) were generated for five growth stages: 6 months old, and 4, 10, 16, and 21 years old. The MVS is defined as the maximal acoustic space, in the F1-F2-F3 dimensions, obtained by a uniform distribution of the entire input space of command parameters. All possible vowels of the world's languages can be situated within that space. The following vocal tract lengths were obtained, for a neutral configuration (all parameters set to the null value): 7.70 cm (6 months), 10.67 cm (4 years), 12.65 cm (10 years), 13.56 cm (16 years), and 17.45 cm (21 years). A total of about 7,000 vowels for each age were modeled.
In the 21-year-old MVS generated by VLAM, 5-formant vowels were synthesized. Those vowels correspond to the 38 monophthong oral vowels of the world's languages, as reported in the UCLA Phonological Segments Inventory Database (UPSID) and described in Maddieson (1986) . The UPSID vowels constituted an appropriate sample covering the entire MVS while ensuring articulatory coherence as well as a reasonable number of stimuli. First, the 4 corner vowels / i y u a / were situated at the limits of that space, following criteria inspired by dispersion-focalization theory (Schwartz, Boë, Vallée, & Abry, 1997) . The dispersion-focalization theory assumes that vowel systems are shaped by both (a) dispersion constraints that increase mean formant distances between vowels and (b) focalization constraints that increase the trend to have focal vowels in the systemthat is, vowels with close adjacent formants ( F3 and F4 for /i /, F2 and F3 for /y/, F1 and F2 at their lowest mean position for /u /, F1 and F2 at their highest mean position for /a /). The remaining 34 acoustic prototypes were distributed according to their mean F1-F2-F3 values, provided by previous studies of these vowels in various languages (for a review, see Vallée, 1994) . Once established, the optimal acoustic F1-F2-F3 values were related to their underlying articulatory values (command parameters in VLAM) by an inversion procedure exploiting the pseudoinverse of the Jacobian matrix (details can be found in Ménard et al., 2004) .
For each of the other four growth stages (6 months, 4 years, 10 years, and 16 years), the 38 prototypes were situated in their respective MVS so that their relative positions in the acoustic space were similar to those in the adult MVS. The same inversion method was used to determine the values of the underlying articulatory parameters associated with each prototype. Because those stimuli are based on similar relative positions within the acoustic space (MVS) throughout growth, we refer to them as acoustic prototypes. These prototypes are depicted for the five vocal tracts in Figure 2 .
A second set of prototypes was generated for the following growth stages: 6 months, 4 years, 10 years, and 16 years. Those prototypes, referred to as articulatory prototypes, were synthesized using the adult command parameters. For instance, for the 6-month-old vocal tract, for each of the 38 UPSID vowels, the articulatory settings determined for the adult vocal tract were generated in the 6-month-old vocal tract. Whereas acoustic prototypes are based on similar relative acoustic positions within the MVS, articulatory prototypes involve similar articulatory values for all growth stages. Those prototypes are represented for the five growth stages in the F1 versus F2 space in Figure 3 . As schematized in Figure 3 , the relative location of the articulatory prototypes in the MVS for each growth stage differs. As a result, 38 vowel stimuli were synthesized for the adult vocal tract, and 76 prototypes (acoustic and articulatory prototypes) were generated for the other four vocal tracts (for a total of 342 stimuli).
Fundamental frequency values of 436 Hz, 337 Hz, 229 Hz, 155 Hz, and 112 Hz were associated with the 6-month-old and 4-, 10-, 16-, and 21-year-old vocal tracts, respectively. Those values are based on Beck's (1996) growth curve of F0 values. Duration was maintained constant (500 ms) for all vowels. Thus, durational cues (as well as spectral variability), which play an important role in the perception of English vowels, were not taken into account. Our goal was to limit as much as possible the variability among the stimuli. It is thus expected that some vowels will be less intelligible than others. This issue is discussed in the text that follows.
Procedure
One occurrence of each of the 342 stimuli was presented binaurally, through high-quality headphones, to a group of 37 American English listeners living in the Austin area (Texas, United States), ages 18-25. The stimuli were grouped into five blocks of 76 (or 38 for the adult stage) randomized items, with each token of a single age being presented in one block. Each block was followed by a brief pause. Listeners were undergraduate students enrolled at the University of Texas at Austin who had no phonetics background and did not report any speech perception or production abnormalities. Using a button press, they identified the perceived vowel among the 12 American English oral vowels / i I e e ae A o ʊ u ʌ ɚ/. Even though durational and spectral variability were not modeled in our stimuli, the whole set of vowels was presented. Each vowel was represented by a monosyllabic word of the
, and heard [hɚd] . The test lasted about 40 min and took place in a quiet room.
Data Analysis
To achieve the first objective, the perceptual scores of the two sets of stimuli (articulatory and acoustic) representing the 12 American English vowels were analyzed. For each stimulus, the vowel category perceived by the majority of the listeners (modal response) was determined. A first analysis was performed on only the articulatory prototypes, to compare the articulatory and perceptual dimensions. In a second analysis, acoustic prototypes were analyzed, in order to evaluate the variation in perceptual scores related to stable relative acoustic positions within the MVS throughout growth. Our second objective was attained by an analysis of the perceived vowels in the acoustic space. For each stimulus, formant and F0 values in hertz were first converted into a Bark scale, using the conversion formula proposed by Traunmüller (1990) : F bark = 26.81/ [1 + (1960/F Hz )] -0.53. In this analysis, stimuli (articulatory and acoustic prototypes) were grouped according to their dominantly perceived vowel category (i.e., the category that triggered at least 50% agreement among listeners). Perceived dispersion ellipses plotted in the formant space for each growth stage were superimposed on the corresponding MVS in order to select the subset of articulatory-acoustic configurations enclosed within each dispersion ellipsis. In this subset of configurations, linear regression analyses were carried out between various articulators to assess the influence of vocal tract anatomy on the degree of interarticulator coupling.
Recall that the stimuli used in this experiment did not include the durational variation that characterizes the American English tense/lax distinction (such as /ae/ vs. /e/, for instance) nor the formant variation typical of some vowels. Consequently, it is expected that some stimuli will be less intelligible. However, our goal was primarily to compare the perception of specific articulatory settings and their acoustic consequences in various vocal tract lengths and morphologies. The experiment was also designed to be as similar as possible to the Ménard et al. (2004) experiment on French. Thus, the same corpus was used here.
Results
To assess the influence of nonuniform vocal tract growth on the production of American English vowels, the modal responses of the perceptual test were compared for the two sets of stimuli (articulatory prototypes and acoustic prototypes). In a second step, dominantly perceived vowels were selected and used to draw dispersion ellipses, representing acoustic areas related to a given perceived vowel target. Finally, underlying articulatory positions related to those perceived dispersion ellipses for the infant vocal tract and the adult vocal tract were compared because those two stages represent the limits of the growing vocal tract.
Perception of Articulatory Prototypes Related to American English Vowels
The identification scores of articulatory prototypes related to the 12 American English vowels were examined for the five growth stages. Recall that the articulatory prototypes are the 38 stimuli generated in each vocal tract with similar underlying articulatory positions throughout growth (the adult's articulatory settings). The perceptual confusion matrix for this subset of stimuli is depicted in Table 1 . In this table, the number of perceived English vowels is depicted for each articulatory prototype generated in a 6-month-old, a 4-year-old, a 10-year-old, a 16-year-old, and an adult male vocal tract. For each produced stimulus, the perceived vowel associated with the highest perceptual score (modal response) is in bold. Cases for which the highest score for a given produced prototype corresponds to the same vowel category for all five growth stages are shaded.
It is clear from Table 1 that nonuniform vocal tract growth has a strong effect on the perception of a given articulatory position. Indeed, for all vowels but three (/ i /, /ae/, and /u /), the category that received the maximal number of responses differed for the five growth stages. For the vowels /I e e o ʊ/, the modal perceived categories vary according to height: / I / was mainly perceived as /e / in the infant vocal tract; /e/ was mainly perceived as /I/ or /e/ in all five vocal tract lengths; /e/ was mainly perceived as /ae/ in the infant vocal tract and /e/ in the older vocal tracts; /o/ was mainly perceived as /ʊ/ in the 6-month-old vocal tract and /o/ in older vocal tracts; and /ʊ/ 's modal response was /ʊ/ or /u/ in the 6-month-old and the adult vocal tracts. The vowels /A ʌ ɚ/ were, however, more variable in their modal response among the five vocal tracts. It should be noted that, for the majority of the stimuli considered here, the perceived vowel category that received the highest score is similar for the 4-yearold, 10-year-old, 16-year-old, and adult vocal tracts but differs from the 6-month-old vocal tract.
Thus, overall, similar articulatory configurations in the infant and adult male vocal tracts may be associated with different perceived vocalic targets. Of importance, the total number of perceived /ae/ vowels was 138 for the data synthesized in the 6-month-old vocal tract and 15 for the data synthesized in the adult male vocal tract. Thus, a substantial number of articulatory positions perceived as /ae/ in the infant vocal tract would no longer be perceived as such after vocal tract growth. Because similar articulatory maneuvers are perceived as belonging to different vowel categories in the 6-month-old and the adult, it is likely that the articulatory-to-perceptual maps present at the earliest stage of vocalization are modified on the basis of the anatomical transformations that occur during growth. This hypothesis is explored later in the article.
Perception of Acoustic Prototypes Related to American English Vowels
The fact that stable articulatory configurations generated in different vocal tract lengths are not associated with similar perceived vowel categories raises the question of the invariance domain throughout nonuniform vocal tract growth. To determine whether stable relative acoustic positions within the MVS in various vocal tract lengths are associated with similar perceived vowel categories, perceptual scores related to the second set of stimuli, namely the acoustic prototypes, were studied. The perceptual confusion matrix for this subset of stimuli is depicted in Table 2 . As was the case for Table 1, in  Table 2 the number of perceived English vowels is depicted for each acoustic prototype generated in a 6-monthold, a 4-year-old, a 10-year-old, a 16-year-old, and an adult male vocal tract. For each produced stimulus, the perceived vowel associated with the highest perceptual score (modal response) is in bold. Cases for which the highest score for a given produced prototype corresponds to the same vowel category for all five growth stages are shaded.
As Table 2 shows, the pattern of variation of perceptual scores for acoustic prototypes displays similar trends to the one depicted in Table 1 for articulatory prototypes. The three stimuli /I ae u/ were associated with high perceptual scores for perceived /I ae u/, and those modal responses remained similar for all vocal tract lengths. As for the other vowels, /e e ʊ/ are mainly perceived as vowels that vary according to the height degree throughout vocal tract growth: /e/ is mainly perceived as /e/ or /i/; /e/ is associated with /ae/ or /e/; and /ʊ/ is mainly perceived as /u / or /ʊ/. Contrary to the articulatory prototype /I /, the acoustic prototype /I / is perceived as /ʊ/ in the 6-month-old vocal tract-in other words, a vowel that contrasts with /I / along the place of articulation feature. Table 2 also reveals that /A / is perceived as /ae/ in the youngest vocal tract, /l/ in the 4-year-old vocal tract, and /o/ in the older vocal tracts.
Together, these results show that a given perceived vowel category is not necessarily associated with the same relative acoustic location within the MVS over the course of nonuniform vocal tract growth.
Dispersion Ellipses for Perceived Vowel Categories
The results presented so far have shown that the perception of a given articulatory setting, considered to be an articulatory canonical position for a given American English vowel, varies depending on the speaker's vocal tract length and morphology. The same pattern is observed when the canonical position for the vowels is considered to be a stable relative acoustic location within the MVS. To further investigate the relationships between the articulatory, acoustic, and perceptual domains, the total number of stimuli (articulatory and acoustic prototypes) was analyzed, following a method previously applied in Ménard et al. (2004) . Dispersion ellipses for the dominantly perceived vowels were determined.
Recall that a dominantly perceived vowel is the vowel category chosen by at least 50% of the listeners. First, all stimuli were labeled according to their dominantly perceived vocal category. A dispersion ellipsis is defined here as the area, in the F1 versus F2 acoustic space, enclosed by the mathematical ellipsis plotted with a radius of ±2 SDs of the mean F1 and F2 values of all dominantly perceived stimuli according to a given vowel category. The three vowels /i u ae/ were dominantly perceived in the infantlike vocal tract, as well as in the childlike vocal tracts (4-and 10-year-old), the 16-year-old vocal tract, and the adult vocal tract. Indeed, in each of those vocal tracts, at least 50% of the listeners perceived one or more stimuli as /i /, /u /, or /ae /. Thus, the children's relatively short pharyngeal cavity did not prevent listeners from perceiving perceptual targets related to the extreme positions of the vowel space.
Figure 4 also shows that some vowel categories were not dominantly perceived among the synthesized stimuli in vocal tracts representative of the five growth stages. For instance, only five vowel categories (/ i ʊ u e ae/) were perceived by at least 50% of the listeners in the infantlike vocal tract, whereas six to eight vowel categories (including / o ʌ /) were dominantly perceived at the older growth stages. This pattern may result from the acoustic differences between the less intelligible high-pitched voices associated with infants and more intelligible lowpitched adult voices (Ménard et al., 2004) . In addition, durational cues, which were not modeled in the present study, may be more important for vowel perception in infantlike vocal tracts than in older vocal tracts.
These findings also suggest that the acoustic vowel space is organized differently across growth stages. For these American English listeners, dispersion ellipses associated with the low vowel /ae/ and the high vowels /i ʊ/ enclose much broader acoustic areas in the simulated 6-month-old vocal tract than in the older vocal tracts. The areas related to the front vowels /i/, /e /, and /ae/ gradually decrease with speaker age, suggesting a tight link between the size of these acoustic categories and vocal tract morphology. Conversely, the high tense vowel /u/ is related to a larger acoustic area for the adult male than for the younger vocal tracts. A similar pattern was observed with the French listeners (Ménard et al., 2004) . Thus, larger acoustic areas are related to perceived low, high front tense, and high back lax vowels in a vocal tract in which the pharyngeal cavity is shorter than the oral cavity than in a vocal tract in which the pharyngeal cavity is longer than the oral cavity. These results suggest that some vowel targets are favored by the infant or child's vocal tract configuration. Although vocal tract length and morphology do not prevent a young speaker from producing the three corner vowels /i u ae/, corresponding to the limits of the MVS, a relatively short pharyngeal cavity (typical of an infant or child) constrains the speaker's vowel inventory such that larger areas of the vowel space are perceived as these three vowels.
Articulatory-to-Perceptual Relationships
According to perceptual criteria, these results indicate that the infant's vowel space is organized differently from the adult male's vowel space. This pattern may be the outcome of developmental differences in the underlying articulatory parameters related to a given perceived vowel. If so, articulatory-acoustic relationships would change during growth, leading to variations in articulatory-perceptual relationships as well. However, the data presented so far take into account only one underlying articulatory configuration for each perceived stimulus. Because many articulatory configurations may be exploited to reach a given acoustic and perceptual target (Atal, Chang, Mathews, & Tukey, 1978) , the various articulatory strategies enclosed by the perceived dispersion ellipses were further explored in order to consider sensorimotor maps, defined here as relationships between the perceived dispersion ellipses (sensory domain) and the underlying articulatory configurations (motor domain) for a given speaker's vocal tract configuration. This section focuses on the infantlike and adultlike vocal tracts.
Articulatory-perceptual maps. To further investigate the links between articulatory parameters and perceptual targets, the dispersion ellipses presented in Figure 4 , which represent the dominantly perceived vowel categories for each growth stage, were used to select a subset of articulatory-acoustic configurations corresponding to the perceptual targets. Each ellipsis displayed in Figure 4 was superimposed on the corresponding MVS, previously used to locate acoustic prototypes. The MVS data points enclosed in the ellipsis were selected as belonging to the perceptual area for this ellipsis (or perceived vowel category). Because the MVSs were generated with the VLAM articulatory-to-acoustic model, each data point was associated with a value for the seven articulatory parameters. For the sake of clarity, Figures 5, 6 , and 7 present the range of articulatory values for four parameters (tongue body, tongue dorsum, jaw, and lip protrusion) for each of the three corner vowels /i/ (Figure 5 ), /u/ Figure 5 ) is slightly more fronted in the 6-month-old vocal tract than in the adult tract. The tongue dorsum (upper right-hand panel in Figure 5 ) is lower. Those configurations are probably produced to compensate for the infant's shorter pharyngeal cavity. No noticeable changes are observed concerning jaw position and lip protrusion ( lower left-hand and right-hand panels in Figure 5 ). For perceived /u/ (Figure 6 ), the major difference between the infant and adult vocal tracts is also related to tongue position. For this vowel, a more fronted tongue body position is allowed in the infant vocal tract than in the adult tract (upper left-hand panel); most important, the tongue dorsum is higher than it is for the adult (upper righthand panel). This important difference might contribute to the sparse occurrence of /u/ in early sound inventory. It should also be noted that for the infant, the jaw is a bit lower than for the adult male ( lower left-hand panel). A visual inspection of Figure 7 suggests that the variation in the range of articulatory values associated with perceived /ae/ shows a similar pattern. For the infant vocal tract, the tongue body is more fronted than it is in the adult male vocal tract (upper left-hand panel). Apart from a slightly higher jaw position (lower left-hand panel), no other differences are noticeable.
Interarticulator coupling. To evaluate interarticulator relationships between jaw position and tongue body position, linear regression analyses were carried out on the parameter values for those articulators for the set of configurations enclosed by the three perceived vowels /i u ae/. Analyses were performed independently for each vowel and growth stage. Slope values and the R 2 correlation coefficient are presented in Table 3 . High positive slope values reflect a high degree of correlation between the positions of both articulators. That is, as jaw height increases, tongue body position is more back. As can be seen in Table 3 , slope values between jaw height and tongue body position for perceived /i /, /u /, and /ae / increase from the infant to the adult stage. Thus, interarticulator coupling becomes stronger, with tongue body position being more closely related to jaw height as the vocal tract grows. Furthermore, R 2 values increase for all three vowels, reflecting an increasing percentage of variance of tongue body variability that is explained by jaw height.
Discussion
Nonuniform Vocal Tract Growth and the Ability to Produce American English Vowels
The first objective of this experiment was to investigate the effects of nonuniform vocal tract growth on the production of the American English vowels / i I e e ae A o ʊ u ʌ ɚ/. To disentangle the roles of vocal tract anatomy and motor control capacities, the available range of command parameters in the VLAM model was similar for 6-month-old, 4-year-old, 10-year-old, 16-year-old, and adult male vocal tracts. The results presented so far reveal that the articulatory prototypes related to the three corner vowels /i u ae/ are well perceived by the majority of the listeners when generated for the five growth stages. Thus, for those vowels, similar articulatory configurations are associated with the same perceived vowel category for the speaker throughout vocal tract growth. Changes in the relative length of the pharyngeal cavity do not prevent the speaker from reaching the auditory targets related to the corner vowels. A different pattern is, however, observed for the articulatory prototypes related to the remaining nine American English vowels. Indeed, for those vowels, the adult's canonical articulatory configurations are associated with a different perceived vowel target for a newbornlike vocal tract compared with an older vocal tract. Note. All correlations are significant at p < .05.
When considering acoustic prototypes, overall, a similar pattern is observed. When vowels are generated on the basis of a stable acoustic position within the MVS and different articulatory configurations, for all vowels but /i u ae/, the perceived vowel category related to the highest perceptual score differs depending on the speaker's growth stage. Thus, a given vowel target does not necessarily involve the same acoustic and articulatory configuration during vocal tract growth.
Sensorimotor Maps for Infantlike and Adultlike Vocal Tracts
The second objective was to analyze the links between articulatory configurations and perceptual targets for the infant and adult male synthesized vocal tracts in order to investigate the evolution of sensorimotor maps. To do this, dispersion ellipses were plotted in the F1 versus F2 formant space (see Figure 4) , for each of the five growth stages. Figure 4 confirms the stability of the corner vowels, in that it reveals that the three corner vowels /i u ae/ can be dominantly perceived by American English listeners among a set of synthesized five-formant vowels generated in a 6-month-old, a 4-year-old, a 10-year-old, a 16-year-old, and a 21-year-old vocal tract (adult male). However, Figure 4 also shows that the dispersion ellipses associated with the low vowel /ae/ and the high vowels /i ʊ/ enclose much broader acoustic areas in the simulated 6-month-old vocal tract than in the older vocal tracts. The areas related to the front vowels /i/, /e/, and /ae/ gradually decrease with speaker's age, suggesting that younger speakers have more acoustic space to produce those vowels than do adult speakers. This result confirms our previous study on French (Ménard et al., 2004) . Conversely, the high tense vowel /u/ is associated with a larger acoustic area for the adult male than for the younger vocal tracts. Those differences suggest that vocal tract anatomy does not prevent speakers from producing those vowels but nevertheless constrains their partition of the acoustic vowel space. The sparse occurrence of some vowels in infants' early sound inventory may instead be attributed to immature motor control abilities (MacNeilage & Davis, 1990) .
Further analysis of the underlying articulatory configurations related to the perceived dispersion ellipses revealed that the ranges of articulatory positions related to perceived /i u ae/ vary between the two growth stages. Some positions of the tongue, jaw, and lips associated with /i/, /u/, or /ae/ at a very young age are no longer perceived as belonging to those categories as the vocal tract grows (see Figures 5, 6, and 7) . Thus, as growth occurs, reaching a perceptual vocalic target involves the gradual adaptation of articulatory positions to produce the appropriate ranges of articulatory strategies related to the acoustic goal. Vocal tract anatomy, therefore, constrains the sensorimotor maps internalized by the speaker during growth. The articulatory-perceptual relationships established early in life change with vocal tract growth. This result has important implications for labeling systems of infant speech. Indeed, as we pointed out in the analysis of French (Ménard et al., 2004) , the positions of the speech articulators cannot be inferred directly from a solely auditory-based or a solely acoustic-based labeling system. The latter assumes, based on adult production of a given perceived vowel, that the infant uses the same articulatory positions to produce this vowel.
The results of our modeling have also shown that interarticulator coupling increases with vocal tract growth and reconfiguration. Indeed, as shown by linear regression analyses conducted on jaw height and tongue body positions (see Table 3 ) for perceived /i/, /u/, and /ae/ in infantlike and adultlike vocal tracts, slope values and R 2 coefficients are lower in a 6-month-old vocal tract than in an adultlike vocal tract. Interarticulator coupling represents an important step in speech development. As suggested by Green et al. (2000) , motor control development is characterized by three phases: (a) differentiation, (b) integration, and (c) refinement. Although the development of motor control abilities at the muscular and cognitive levels is undoubtedly crucial in reaching these stages (Cheng et al., 2007; Smith & Zelaznik, 2004) , our results suggest that nonuniform vocal tract growth and reconfiguration also contribute to this motor integration. This is in line with similar results in adults. It has been suggested that in the adult vocal tract, anatomical structures such as the shape of the palate play an important role in determining the kinematic patterns of the tongue (Fuchs, Perrier, Geng, & Mooshammer, 2006) . The present experiment showed that analogous anatomical constraints contribute to the development of interarticulator synergies in the child.
Limitations and Further Issues
Interestingly, Figure 4 revealed that some vowel categories were not perceived at all when produced in the infantlike and 4-year-old vocal tracts. It is possible that the 76 stimuli (including acoustic prototypes and articulatory prototypes) synthesized for these vocal tracts did not cover the whole acoustic space and that some perceptual regions associated with those vowel categories were not sampled by the stimuli. The fact that durational cues were not modeled also plays an important role in explaining the absence of some perceived vowel categories. It is well known that English vowels differ in their inherent length. This feature is crucial for the perceptual identification of those vowels. ( However, see Hillenbrand, Clark, and Houde, 2000 , for a discussion of the importance of durational cues versus spectral change cues.) In this experiment, vowels were synthesized in isolation, limiting the influence of durational cues. For instance, the high lax vowel /ʊ/, which is typically shorter than its tense counterpart /u/, was dominantly perceived in all vocal tracts. This methodological choice does not invalidate these results.
It is also worth noting that the stimuli used in the present study did not include variations in formant values either. Although it has been shown that the perception of American English vowels is strongly influenced by such changes (Assmann, Nearey, & Hogan, 1982) , the goal of this study was not to assess the intelligibility of the American English vowels per se. Rather, it was to compare the perception of those vowels in various vocal tract lengths and morphologies using the Ménard et al. (2004) corpus. The lack of durational cues and spectral change likely contributes to the fact that some vowel categories are not perceived in the various vocal tracts.
As was also mentioned earlier, the infant's low intelligibility (which led to a reduced number of dominantly perceived vowels for the 6-month-old vocal tract in this experiment) may be ascribed to the undersampled spectra inherent to high-pitched voices. One can raise the issue of the confounding role of F0 and formant variation because the set of stimuli generated in childlike and infantlike vocal tracts (with high formant frequencies) were also associated with increasing F0 values. This point was specifically addressed in Ménard et al. (2004) , in which a similar corpus was used to determine the role of F0 and formant frequencies in auditory normalization of French vowels. In the latter study, stimuli were synthesized in vocal tracts representative of seven growth stages, and each of the stimuli was presented with seven different F0 values, ranging from 110 Hz to 450 Hz. The results showed that although high-pitched voices definitely reduce speech intelligibility, the lower number of dominantly perceived vowels-and, more specifically, the reduced number of vowel categories-in the 6-month-old vocal tract compared with the adult vocal tract cannot be ascribed to this parameter. Based on those results, the patterns observed in the present study for the infantlike vocal tract are related to other factors than undersampled spectra related to high-pitched voices.
In summary, the present experiment demonstrated that nonuniform changes in vocal tract length from birth to adulthood do not prevent the speakers from producing /i u ae/ vowels that will be correctly perceived by American English adult listeners. However, the perceptual partition of the vowel space changes as the speaker's vocal tract length and morphology evolve. First, perceived low vowels are related to broader acoustic areas in infantlike vocal tracts than in adultlike vocal tracts. Second, interarticulator coupling between jaw height and tongue body positions increases with vocal tract growth and reconfiguration. Thus, producing a given perceived vowel category likely requires different articulatory strategies throughout a speaker's lifetime.
